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Abstract
Mechanical treatment process by superficial plastic deformation is employed for finished mechanical part surface. It introduces
structural modifications that offer to basic material new properties witch give a high quality of physical and geometrical on
superficial layers. This study focuses on the application of burnishing treatment (ball burnishing) on XC48 steel and parameters
optimisation of treatment regime. Three important parameters were considered: burnishing force "Py", burnishing feed "f" and
ball radius "r". An empirical model has been developed to illustrate the relationship between these parameters and superficial
layer characteristics defined by surface roughness "Ra" and superficial hardness "Hv". A program was developed in order to
determine the optimum treatment regimes for each characteristic.
© 2009 Elsevier B.V.
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1. Introduction
It is usual that mechanical parts are intended to work in severe conditions. Their superficial layers are loaded in
service and will be the first to be degraded because of various contacts with other parts and surrounding
environment. The superficial layer parts treatment becomes the field of many research works [1, 2]. A required
material with higher mechanical characteristics becomes a major problem because of economical constraints. A
manufacturing and treatment methods satisfying the imposed technical requirements is needed to overcome this
problem. Ball burnishing as mechanical treatment [3–5] can be applied to improve metallic surface characteristics
modifying superficial layer properties such as hardness and roughness [6]. This process implements a plastic cold
working of superficial layer and act as well on the geometrical and physical properties [6, 7]. Many research works
[8-11] have showed that, it is possible to obtain an interesting result concerning mechanical and geometrical
properties. In general, the parameters affecting plastic deformation process are various and they can be limited to
burnishing speed, burnishing force, burnishing feed and tool radius [4, 10, 11]. Parameters such as the penetration
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depth [4], the burnishing time or even the initial state of the surface quality [12, 13] contribute to the final aspect of
the part surface. However, the surface initial state and the burnishing regime seem to play a fundamental role to
obtain a successful treatment [14, 10]. In order to evaluate the performance of a mechanical surface treatment by
deformation, the analysis highlights the geometrical aspect of the surface [5, 9]; the residual stresses level in the
surface region [15, 9] and more particularly, the resistance of the superficial layers in terms of work hardening and
fatigue life. The purpose of this work is to apply a mechanical plastic deformation to XC48 steel employing
diamond tip burnishing. The effect of this process on mechanical characteristics especially surface roughness and
superficial hardness is investigated. The influence of burnishing force, burnishing feed and tool radius on surface
characteristics is also studied. The experimental tests were conducted by a method based upon experience plan
method [16]. A specific program developed under Matlab6.5 enables to conduct tests, facilitates parameters
optimization and estimates treatment contribution on superficial layers characterized by the roughness "Ra" and the
hardness "Hv".
2. Experimental techniques
2.1. Material
The material examined in this work is steel of standard quality widely used in industry, known as XC48,
manufactured by MITTAL-STEEL co (Algeria). The material was recovered in a raw state, they are provided for the
construction of mechanical structures, manufacturing cylinders and axes. The chemical analysis obtained by atomic
absorption primarily revealed a basic composition of 0.49% C, 0.85% Mn, 0.22% Si, 0.023% S and 0.024% P. The
mechanical properties were obtained from cylindrical bars with a diameter of 12.50 mm. Re and Rr stresses were,
respectively, 318 and 620 Mpa while A% at break reached 17%.
A cylindrical work piece (sample of 40 mm in diameter, 280 mm in length) was machined on a TOS TRENSIN,
model SN40 lathe with 6.6 kW power on the spindle and a P10 carbide cutting tool. The operations of turning were
conducted with an appropriate cutting regime recommended by [14]. The surface roughness and the superficial
hardness were respectively measured by a TR100 surface roughness tester and micro-hardness tester (Krautkämer
CmbH et Co. Hürth-type MIC1). The surface layer resulting from turning is then characterized by a roughness "Ra"
and Hardness "Hv", respectively, with average values 2.31μm and 315daN/mm². After machining, the sample is
subdivided in eighteen parts in order to be treated by the combination parameters regime of ball burnishing. Two
parts are reserved for optimal treatment regimes.
2.2. Mechanical treatment
Ball burnishing operation was carried out by a device specially designed. This device has the advantage to be
simple to assemble on a universal lathe as shown in Fig.1. Ball burnishing simulates a turning operation with a
speed obtained by the rotation of the part, whereas the feed burnishing movement is communicated to the tool by the
longitudinal carriage.
The penetration movement resulting from the action of the diamante ball which exerts on the part is obtained by an
adjustable effort "Py". Burnishing operation is carried out under lubrication. Taking in consideration sample
hardness, machine tool capacities and recommendations [7], the chosen intervals for the parameters variations are:
burnishing force "Py" from 80 to 160 N; burnishing feed "f" from 0.054 to 0.11 mm.rev-1 and tool radius "r" from 2
to 3 mm. The rotational frequency of work piece was fixed at 560 rev.min-1 corresponding to burnishing speed in
diapason V=20÷70 m/min.
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In order to observe parameter effects on surface state and superficial hardness during ball burnishing, tests were
conducted by applying experience plan methods using Box-Behenken model [16] according to the scheme shown in
Fig.2.
This model takes into consideration three factors, three levels and allows obtaining 15 test combinations. The (Z)
parameters (sample rotational speed (n), lubrication, system inflexibility, environment, etc...) are maintained
constant during the operation. The general expression formulating the relationship between the parameters of
treatment regime and the response is expressed as follows:
Y =  + e=a0+a1X1+a2X2+a3X3+a12X1X2+a13X1X3+a23X2X3+a11 X12+a22 X22+a33 X32+e …………….(1)
where
Y - is the function representing Ra or Hv
X1, X2 et X3 - are variable indicators respectively Py, f, r
 - is the prediction response calculated by program
e - is the prediction error
a0, a1,……, a12,…- Coefficients that express the weights and interaction parameters.
This model is developed according to the experimental matrix as shown in Table1.
Fig.1. Treatment by superficial plastic deformation
n- Rotational frequency
f- Burnishing feed
Py- Burnishing force
r- Tool radius
Rt- initial roughness
h- Driving out of matter
- holding of matter
after treatment
b- Ball burnishing
a- Testing device
Surface roughness Ra
Superficial hardness Hv
Piece/Tool
System
Py : (X1)
f : (X2)
r : (X3)
Responses (Y)Input parameters (Xi)
Z
Fig.2. Test scheme
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Table1. Tests matrix
Variation levelsOperating
parameters
Variable
indicators Minimal Medium Maximal
Py(N) 80 120 160
X1 -1 0 +1
f(mm.rev-1) 0.054 0.091 0.11
X2 -1 0 +1
r(mm) 2 2.5 3
X3 -1 0 +1
The model has 10 coefficients. It must be at least 10 equations to estimate them. The classical Box-behnken plan
three factors, has 15 data points each on gives an equation. The matrix "X" corresponding to the matrix of tests
(table1) and the model applied in the equation (1) is a matrix (15.10) which is presented as follows.
X = ……………..………………………….(2)
Using this matrix, it is possible to calculate the coefficients "â" by using the following formula:
â=(Xt.X)-1.Xt.y……..……………………………………………………………….……..(3)
where
y - wide responses measured in experiments
Xt - Transposed matrix
The combinations of the parameter’s treatment by ball burnishing according to the test’s matrix, and the results
"Ra" , and "Hv" for the steel that has been taken in consideration before are illustrated in Table 2.
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Table2. Treatment’s results by ball burnishing
Average measured responsesN° Burnishing force"Py"
(N)
Burnishing feed "f"
(mm.rev-1)
Radius tool "r"
(mm)
Ra (μm) Hv (daN/mm²)
01 80 0.054 2.5 0.69 353
02 160 0.054 2.5 0.55 357
03 80 0.11 2.5 0.7 343
04 160 0.11 2.5 0.66 358
05 80 0.091 2 0.82 338
06 80 0.091 3 0.58 327
07 160 0.091 2 1.00 338
08 160 0.091 3 0.58 343
09 120 0.054 3 0.39 353
10 120 0.11 2 0.77 317
11 120 0.054 2 0.67 325
12 120 0.11 3 0.61 327
13 120 0.091 2.5 0.56 368
14 120 0.091 2.5 0.51 337
15 120 0.091 2.5 0.76 350
The operations were conducted by a program working under matlab6.5 environment, according to the organigram
shown in Fig.3.
Input level (Min, Moy, Max)
of parameters Py, f, r
Trials matrix’s creation
Introduction of
measured responses " y"
Treatment of data
R²Calcul of model
coefficients
â = (Xt X)-1 Xt y
1
Fig.3. Functional organigram
Min value of "  "
Raopt.= min
End
Calcul of error’s
prediction "e"
Py, f, r
Max value of "  "
Hvopt..= max
The response’s optimisation
(Simplex algorithm)
1
Py, f, r
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1. 3. Results and discussion
3.1. Mechanical treatment effects
The aspect of the superficial layer is the result of a machining operation with cutting regime witch was obtained
by preliminary tests in order to find a value of initial roughness Rai in diapason (2.0 ÷ 3.2 m). Moreover, the
various combinations of burnishing parameters were made possible an improvement on surface roughness and
superficial hardness as shown in Fig.4 and Fig.5.
These results show that material responses towards roughness and superficial hardness are different. The
parameters of treatment offering a better improvement in surface smoothing do not necessarily produce the best
superficial hardness. These results are in accordance with works carried out in this field [6]. The improvement rates
relative to each response are compared in Fig.6.
The improvement in surface roughness is important for most combinations of treatment parameters; it can reach
83 %. The superficial hardness “Hv” obtained is also important for all combinations of treatment parameters. Indeed,
Fig. 6. Earned roughness "Ra" and superficial hardness "Hv" under the effect of ball burnishing.
1- premachined part; 2,3,…18- treated parts; A- corresponding of part treated by the optimal regime
for surface roughness; B- corresponding of part treated by the optimal regime for superficial hardness.
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the superficial layers consolidate under the deformation and allow an increase of hardness; the improvement can
reach 17%.
On the other hand, it is noticed that the characteristics of the obtained superficial layers after burnishing depend
also on materials properties. The mechanical characteristics (hardness, ductility,…) represent an important
parameters from which depend the results of plastic deformation as demonstrated in several works [6, 17].
3.2 Graphics simulations and optimization
To estimate the effects of parameter of treatment regime on these responses, the superficial roughness and
hardness distribution values are simulated by a computer program. Thus an exhaustive examination of burnishing
parameters influence can be carried out. The equations developed according to the mathematical model of equation
(1) for the two responses roughness and surface hardness, respectively are presented below:
Ra=0.61-0.023X1+0.055X2-0.14X3+0.025X1.X2-0.045X1.X3+0.03X2.X3+0.09X12-0.047X22+0.048 X32… (4)
Hv=351.7+4.38X1-5.38X2+4X3+2.75 X1.X2+4X1.X3-4.5 X2.X3+3.54X12-2.46X22-18.71 X32…………….(5)
These models are acquired with a coefficient R2=0. 99 (correlation coefficient).
Finally, the optimal treatment regime for surface roughness "Ra", is the minimum value Ramin and for the surface
hardness Hv, the maximum value (Hvmax). They are determined on the basis of curves iso-response represented in
Fig.7 and Fig.8.
The minimum value of roughness (Ramin) corresponds to the concentration of blues zones in point “A” having the
following parameters values: Py =136 N ; f = 0.054 mm.rev-1, r = 3 mm. Using these parameters, the predicted
surface roughness is Ra = 0.37 μm, with an error of± 0.1 μm. These parameters were also tested on sample, in which
the obtained roughness is of Ra=0.44 μm. The maximum value of superficial hardness (Hvmax) corresponds to the
concentration of red zones in point “B” having the following parameters values: Py = 160 N ; f = 0.059 mm.rev-1, r =
2.5 mm. Using these parameters, the predicted superficial hardness is 362 HV, with an error of ± 9.9 HV. These
parameters were also tested on sample, in which the obtained superficial hardness is of 369 HV. The microstructure
Fig.7. Iso-response curves, at the level of tool
radius "r" fixed at 3mm; A-optimal value
(f=0.054 mm.rev-1 , Py =136 N).
Fig.8. Iso-response curves, at the level of tool
radius "r" fixed at 2.5mm; B-optimal
value (f=0.059 mm.rev-1 , Py =160 N).
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observed on sample transversal cut studied with this optimum regime, revealed the grain state at the center and at the
hardened surface layers, see fig.9.
4. Conclusion
Ball burnishing is the treatment process by cold plastic deformation of superficial layers. It causes a flow of
material that generates creep behavior on the surface. In fact, the peak asperities must be flattened in filling hollow
furrows, which is given in [2, 3, 7 and 8] and confirmed by the tests conducted in this study. The action of the ball
enables to level hallows and gives a totally polished surface with improvement on roughness compared to the one
produced by grinding process. The plastic deformation by Ball burnishing changes mechanical and geometrical
properties of materials. During the tests carried out according to the experience plan methods confirm the benefit
effects on the process as shown in the bibliography [3, 9, and 17]. For steel considered in this work, it is noticed an
improvement in the roughness varying from 50% to 83% and an increase in the hardness reaching 17%. The ball
burnishing is consequently a mean of surface finishing pieces and it permits to give a response to some imposed
technical requirements during manufacturing and design of mechanical parts. However, its success is linked to the
initial state of pieces obtained by pre -machined process and its beneficial effects depend on burnishing parameters.
The burnishing effects given to the considered material can be summarized in two points: The first is a strengthening
of superficial layers which increases superficial hardness and the second is a plastic deformation insuring machining
hollows leveling which improves surface roughness. Using experience plan methods of Box-Behenken model has
permitted with minimum tests to obtain some information on optimal surface conditions and related the interactions
between the burnishing parameters. The tests realized on different steels have permitted to observe the influence of
parameters Py, f, and r on the material behavior towards the responses of roughness "Ra" and superficial hardness
"Hv". The optimum values of these two responses are obtained for a specific regime. The increase feed rate and
deformation force are not desirable for the surface roughness of materials considered in this study. It is
recommended to limit the deformation force around average values and it is advised to use a larger tool radius. In
order to obtain an important superficial hardness, it is recommended low feed rate values combined with high
deformation force and a small tool radius.
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